The large Intron of the K Immunoglobulin gene contains a cis-acting enhancer element, which is important in the tissue-specific expression of the gene. We have confirmed the binding activity of a sequence-specific factor present in lymphoid extracts derived from cell lines expressing, or induced to express, the /c gene. We have extended these studies to show the binding activity is present in normal activated splenic B cells as well as X producing cells, and have demonstrated by DNAae footprint analysis full, protection of a sequence containing the 11 bp homology to the SV-40 core enhancer. We have compared these in vitro binding studies with an analysis of protein-DNA interactions in intact murine cell lines using genomic sequencing techniques. We demonstrate significant alterations in DMS reactivity of DNA in the murine 7OZ/3 cell line after it is Induced to K expression. These alterations occur at guanlne residues which are part of the the 11 bp core sequence, and are identical to those observed in cells constitutively expressing K. This provides direct evidence for the induced binding of the tissue specific factor to intact chromatin. In intact chromatin we also observed significant alteration In the reactivity of a guanlne, 3' of the core sequence, which is part of a potential secondary DNA structure, and protection of four residues that are part of a region homologous to the heavy chain enhancer. 
ber of eukaryotic genes and have In many cases been shown to share short regions of sequence homology.
We and others have shown the existence of multiple factors, present in nuclear extracts, which bind specific sequences in the K enhancer (9) (10) (11) .
Some of these sequences have been identified which share homology between heavy and light chain genes (designated "E" boxes), and these appear to bind nuclear factors in extracts from both lymphoid and non-lymphoid cells (10, 12, 13) . The binding of at least one factor, designated NF-KB, to a region within the K enhancer has been reported which is restricted to mature B cell extracts and interacts at a sequence which shares homology with the 11 bp sequence GGGGACTTTCC found In many other enhancers. Including SV-40, CMV, HSV, adenovlrus E1A, and HIV (14) (15) (16) (17) (18) . Methylation interference experiments indicate that methylation of 3 G residues on the coding strand and 3 G residues on the noncoding strand in this sequence abolish the in vitro binding of NF-KB (10) . The in vitro binding of NF-KB has recently been shown to be lnducible in the preB cell line, 70Z/3, which expresses K mRNA and NF-KB binding activity only after treatment of cells with llpopolysaccharlde (LPS) (11) . Direct evidence for the Importance of the 11 bp core sequence In K expression has been suggested by analyses of CAT expression vectors containing mutations of the 11 bp core sequence (13) .
Within the K intron there are also regions, designated KE1, KE2, KE3, which contain a sequence with partial (KE1, KE3) or complete (KE2) homology to regions within the heavy chain enhancer (12) . In vitro binding studies have shown that KE2 and KE3 bind nuclear factors, but do not show tissue specificity (13) .
Although the protein-DNA interactions show sequence specificity, the evidence Is based on in vitro experiments in which nuclear extracts from transformed cell culture lines, representing different cell types or stages of differentiation, are mixed with naked DNA. In order to probe alterations in intact chromatin structure a variety of Southern blot strategies have been used. The activation of K transcription, for example, has been correlated to increased susceptibility of the enhancer sequence In Intact nuclei to DNAse I and endonucleases (19) . Recently, the genomlc sequencing technique developed by Church and Gilbert (20) has made it possible to probe chromatin structure at single nucleotlde resolution. Intact cells can be treated with dlmethylsulfate (DHS), and changes In methylatlon of each guanine residue compared to naked DNA can be used to identify sites of altered DNA conformation, presumably due to sites of specific protein-DNA interactions. In the present study we have examined the in vitro Interaction of factors derived from mature B cells, unlnduced and Induced 70Z/3 cells, as well as normal B cells with the K. enhancer. We have compared these results with induced protein-DNA interactions using the genomlc sequencing method to detect alterations in DMS reactivity of the K enhancer in intact cells.
MATERIALS AND METHODS

Cells and Nuclear Extracts
The characteristics and growth of cells used in this study are as previously described (9) . MPC-11 and S 194 are murine plasmacytoma cell lines expressing the K light chain; 315J is a murlne plasmacytoma expressing X light chain; Bal-8 is a murine T cell line: HO-85 is a human large cell lymphoma expressing K. 3-1 is an Abelson virus derived murine preB cell; 70Z/3 is a transformed preB line which has a single rearranged K gene which is expressed after addition of 10 ug/ml LPS. Nornal, quiescent B cells were prepared from mouse spleen preparations as described (21) . Using this procedure greater than 90 % of the cells obtained were B cells, and less than 3% had exited the Go phase of cell cycle as determined by flow cytometry. Preparations of splenic B cells were Induced to light chain expression with 50 ug/ml LPS plus 20 ug/ml dextran sulfate in RPMI 1640 with 10% FCS for 72 hours. Nuclear extracts were prepared according to the methods of Dignam, et al. (22) .
DNA-proteln Binding Assays and DRAae Protection
In vitro binding of factors in nuclear extracts to DNA fragments was assayed by altered electrophoretic mobility of complexes on polyacrylamlde gels as previously described (9) . All fragments were end-labelled with 
RESULTS
In vitro binding of HF-KB
The binding of nuclear factors to specific DNA sequences can be determined in vitro by a sensitive gel electrophoresis assay which is based on the shift in mobility of labelled DNA fragments when complexed with protein. In the presence of nonspecific DNA sequences, and through competition studies, the complex formation can be shown to be sequence specific.
In this study, we examined a number of nuclear extracts for binding to a 99 bp fragment within the K enhancer. This region of DNA contains a sequence which has been previously reported to bind a factor designated NF-KB. The binding of NF-KB appears to be tissue specific, the activity only observed In B lymphoid cell lines. Moreover, the mouse preB cell line, 70Z/3, can be Induced to express K light chains with lipopolysaccharide (LPS), and this correlates with an induction in NF-KB binding by the in vitro assay (10, 11) . As shown in Fig. 1 , we also demonstrate the binding of NF-KB in B lymphoid cell lines, and observe a significant induction of binding factor in LPS induced 70Z/3 cells. We have extended the analysis to examine whether this same factor can be Induced In normal splenic B cells. Normal, quiescent murine B cells were selected as described in Methods, and had levels of K mRNA which were undetectable by northern blot analysis.
Extracts from these cells did not possess significant amounts of NF-KB.
The splenic B cell preparation was activated with LPS and dextran sulfate as described in Methods, and was found by northern analysis to express K KB I 17 
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Is from a previous sequence report (23) . The expanded restriction map contains the enhancer region. DNA fragments used for mobility shift experiments, DNAse protections, and genomic sequencing are indicated and described in Methods. The solid triangle indicates the region of tissue specific nuclear factor (NF-KB) binding. A, Alu I; Hf, Hinf I; D, Dde I; Hp, Hph I; Bs, BstNl. B. Sequence-specific binding of nuclear factors assayed by mobility-shift (see Methods). 7OZ/3 cells and normal splenic B cells were either uninduced (-), or Induced (+) prior to preparation of nuclear extract. The KB99 fragment contains the SV40 core enhancer sequence; the KE78 fragment contains the "E-box" homology previously designated KE3 (10); the KE-o fragment represents a synthetic duplex ollgo containing the "E-box" homology previously designated KE2 (10).
•as? These results are in contrast to those seen In naked DNA, DNA from MEL cells, or unlnduced 70Z/3 cells (Fig. 3A) .
Protection of four residues from the DMS was consistently observed (In Fig. 1 ) were labelled at a single end followed by DNAse digestion of protein-DNA complexes and free DNA, as described in Methods. Both free and bound DNA were then run on a 10ft denaturing sequencing gel along with an A/G ladder of the same fragment generated by Maxam-Gilbert chemical cleavage reaction. The sequence protected by DNAse digestion is indicated. KE2 region, containing the sequence homologous to a portion of the heavy chain enhancer (12). We did not observe any significant alterations In the DMS reactivity of guanine residues within the KE3 region of the DNA.
Thus, while the in vitro data indicated all cells contain factors which bind KE2 and KE3, in intact chromatln alterations in DMS reactivity were only detected In the KE2 region In cells Induced to express kappa.
Another significant alteration in reactivity to DMS was observed at position 3976 on the non-coding strand (Fig. 3C) . Evidence for protein-DNA interactions in Intact chromatin have been assessed using the genomic sequencing techniques to monitor alterations of the reactivity of specific residues to DMS. This method has been employed to analyze the heavy chain enhancer region (12) , and has recently been applied to a region of the human K intron (24) . In the latter study enhanced cleavage of one guanine residue was reported In a region which is conserved, though not identical, between man and mouse. In the present study we have demonstrated alterations in DMS reactivity of DNA in a cell line after it is Induced to K expression. These alterations occur at guanine residues which are part of the 11 bp SV-40 core enhancer homology, and are Identical to those observed in cells constitutlvely expressing the K gene. This provides direct evidence for the binding of a factor to intact chromatin, likely NF-KB, which correlates with induced expression. It is interesting to note that the interaction is maintained
In mature B cells, although a recent study by Atchlson and Perry (25) suggests the enhancer binding activity may not be required to maintain expression.
In vitro assays, aimed at detecting protein binding to naked DNA, clearly demonstrate that nuclear extracts from all the cells we examined contain factors which bind the KE2 and KE3 regions. Despite significant in vitro binding of factor to the KE3 region, we did not detect any alterations in DMS reactivity within this region in intact chromatin.
Either this interaction does not take place within the K intron in intact cells, or our method of analysis was not sensitive enough to detect it.
We did, however, see a consistent protection of four guanlne residues in the KE2 region of induced 70Z/3 cells, but not in any nonexpressing cell types. Our results suggest caution in interpreting in vitro binding data. . Boxed sequences represent symmetrical sequences which have been shown in other genes to bind the nuclear factor NF-1 (27) . Potential loop could bring these sequences into closer proximity. Guanine residue which shows enhanced DMS reactivity in vivo is shown (solid triangle) to be within one potential loop. (19) . In this context it is interesting to note that the guanine at position 3976, which shows increased DMS reactivity in intact chromatin, lies in the middle of such a proposed loop (see Fig. 4B ). We do note, however, that the increased reactivity of this residue appeared in all cell types we examined; thus, it does not show tissue specificity.
Nevertheless, the increased reactivity is apparently dependent on intact chromatin structure.
The potential for altering DNA structure in the enhancer may be important for specific factor recognition. Interestingly, the inverted repeats contain the consensus NF-1 binding sites TGGC/A...GCCA (27) . If a stem structure could form, it would bring the consensus sequences into closer proximity (Fig. 4B) . A recent report indicates that NF-1 binds within the intron of the human heavy chain mu locus at the TGGA...GCCA consensus sequence (27) . The NF-1 binding site is also commonly found in regions of DNAse hypersensitlvlty; the symmetry noted here in the K locus is within a DNAse hypersenitive site as well (5) . While NF-1 has been implicated in viral replication it has been suggested that it plays a role in mediating transcription, possibly by interacting with specific regulatory factors at adjacent sites, or by establishing altered chromatin structure to maintain an "open" region for factor binding (27) . This speculation is obviously premature, until a specific factor can be Identified to bind this region of the K locus; but describes a common theme by which the activity of specific trans factors may require multiple protein-DNA interactions which function as a network to mediate transcription. Certainly alterations of intact chromatin structure by multiple factors may play an important role in modulating enhancer activity. To whom correspondence should be addressed at: Institute for Human Genetics, 5-110 Moos Tower, 515 Delaware St., S.E., Box 206 UMHC,University of Minnesota, Minneapolis, MN 55455, USA
